REPORT No. 389

THE EFFECT OF SMALL ANGLES OF YAW AND PITCH ON THE CHARACTERISTICS
' OF AIRPLANE PROPELLERS

By Huee B. FREEMAN

SUMMARY

The subject tests were carried out in the 20-foot wind
tunnel of the National Advisory Commitiece for Aero-
nautics to determine the effect on the characteristics of a
propeller of inclining the propeller axis at small angles
to the relative wind. Tests were made of a full-scale pro-
peller and fuselage combination at four angles of yaw
0°, +5°, +10° and +15°), and of a model propeller,
nacelle, and wing combination at fire angles of pitch
(—6°, 0°, +6°, +10° and +15°).

The results of the full-scale tests of a propeller and
fuselage, without a wing, show that the effect on the pro-
peller performance is small. Similar results are shown by
the model test data except that where the propeller is di-
rectly in front of the wing there is an appreciable decrease
in effective thrust and propulsive efficiency with increase
of angle of pitch.

INTRODUCTION

In the prediction of airplane performance it is usual

to assume that the line of thrust of the propeller is.

parallel to the flight path. This condition exists, of
course, for only one particular angle of attack of the
airplane. For any other angle of attack, especially
when climbing or flying horizontally at low speeds,
the thrust line is inelined at an angle to the line of
flight. Previous model propeller tests have shown that
the reduction in thrust is negligible for small angles of
pitch. (Reference 1.} Such tests have been made,
however, with the propeller alone; so the conditions do
not correspond to those found in practice, where the
propeller usually operates in front of a body such as a
fuselage, nacelle, or wing.

The object of the tests described in this report was to
determine the effect of inelining the thrust line at small
angles to the relative wind on the characteristies of &
propeller operating in front of a body. Two series of
tests were made. The first series consisted of yaw tests
of a full-scale propeller and fuselage. It would have
been desirable to change the angle of pitch instead of
that of yaw, but this was not possible with the torque
dynamometer available, since it would not function
properly except when in a level position. However,
for the propeller and fuselage, without a wing, it is

obvious that changing the angle of yaw will cause a
similar effect on the propeller performance to that
caused by changing the angle of pitch. In the second
series, a model propeller and nacelle were tested alone
and in two positions relative to a wing, the combing-
tion being pitched at various angles. All the tests were
made in the 20-foot tunnel of the National Advisory
Committee for Aeronautiecs.

APPARATUS AND TESTS

The full-scale propeller and fuselage are shown
mounted in the wind tunnel in Figure 1. The propeller
was 9 feet in diameter and had two adjustable alumi-
num alloy blades. The curves for the blade form and
pitch distribution are given in Figure 2. The propeller
was driven by a 435-horsepower Curtiss D-12 engine
mounted in an open-cockpit fuselage. A dynamometer
for measuring the torque of the engine was also mounted
in the fuselage. A description of this dynamometer,
the thrust balance, and other wind-tunnel apparatus
will be found in reference 3.

Tests were made at propeller pitch settings of 15.5°
and 23.5° (at 0.75 radius) with the propeller axis yawed
at 0%, 5°, 10°, and 15°. The method of conducting the
tests was the same as thaf described in reference 2.

The method of supporting the model wing and
nacelle in the wind tunnel is shown in Figure 3. The
wing and nacelle pivoted about the top of the two
wing supports, and the angle of pitch was changed by
raising or lowering the end of the long sting extending
in the rear of the wing. A 25-horsepower electric
motor, for driving a 4-foot model propeller, was
mounted in the nacelle. No means were available by
which the torque of the motor could be measured
directly; the motor torque was therefore calibrated, for
a constan{ field excitation, using a Prony brake.
Later the calibration was checked by means of &
dynamometer. The wing was 15 feet 10 inches in
span, 3 feet 2 inches in chord, and had & Clark Y airfoil
section.

The 4-foot metal propeller used in the model tests

was geometrically similar to the propeller used in the

full-scale tests. It was first tested with the nacelle
alone (fig. 4a), second with the nacelle above the
523
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[

F1aURE 1.—Full-scale propeller and fuselage
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FIGURE 2.—Blade form curves. Propeller No. 4412, b=blade width; D=diameter of propeller; Pm=pltch; A=maximum blade
thickness; R=radins of propeller; r=section radius
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wing (fig. 4b), and third in front of the wing (fig. 4c).
Later dummy cylinders were fixed to the nacelle to
simulate & YWright J-5 engine. The model engine was
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Fi1GCRE 5.—Characteristics of propeller No. 4412, 15.5° at 0.75 B.; diam.
Qft.

provided with an N. A. C. A. cowling. This arrange-
ment (fig. 4d) was tested in the same position relative
to the wing as that shown in Figure 4¢. All the ar-
rangements were tested at four propeller blede set-
tings (12°, 17°, 22°, and 27° at 0.75 radius) and
with the thrust line at five angles of pitch (—5°, 0°,

For zero pitch or yaw, the resultant horizontal force
on the propeller-body combination, as measured on the
thrust balance, is equal to:

R=T—-AD-D '
where T'=propeller thrust (tension in propeller shaift),
D=drag of combination without propeller (at
the same dynamic pressure ¢},
AD =increment of drag due to slipstream.
The effective thrust may be defined as
T—-AD=R+D
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FicURE T.—Characteristics of propeller No. 4412; £ f§. diam.; set 17° at

0.75 R; nacelle alons
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RESULTS AND DISCUSSION

.0 The data are reduced to the usual nondimen-
sional coefficients of thrust, power, and propulsive

efficiency:
_ effective thrust

A

g Thrust coefficient =Cr= oA D

G N Y}
I % Y

. input power
Power coefficient Cr b IF
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effective thrust X veloc-
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ity of advance
input power

n

Propulsive efficiency =

where p=mass density of the air,

n=revolutions per unit time,
D=diameter of propeller.
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FIGCRE 6.—Characteristics of propeller No. 4412, 23.5° at 0.75 Ry diam. ¢ ft.

+5°, +10°, and +15°) relative to the wind direction.
The forces in the model tests were measured in the
same manner as those in the full-scale tests, except that
the torque of the motor was obtained from the cali-
bration curve (armafture current versus torque)
previously determined.

® The observed data are given in Tables I and II

for the full-scale tests.

The faired curves of these coefficients plotted

againstnt—D- are given in Figures § and 6. These
curves show no consistent variation with the change
in the angle of yaw. The change in the thrust and
power coefficients is small and the greatest variation
in the pesk efficiency is only 2 per cent.
The results for the model propeller tests are given in
Figures 7 to 10, inclusive. Only the curves for the 17°
blade settings are presented, since these are repre-
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sentative of the curves for all the blade settings.
The tables of these data have not been included in this
report, since they are soon to be published in & report
on wing-nacelle-propeller tests.
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FI6URE 8.—Characteristica of propeller No. 4412; 4 ft. dlam.; set 17° at
0.75 R; nacelle ahove wing

For the propeller with the nacelle alone (fig. 7)
there is very little change in the characteristics of the
propeller for the change in the angle of the thrust line.
When the propeller and nacelle are placed above the
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F1eure 9.—Characteristics of propeller No. 4412; 4 {t. dlam.; set 17° at
0.75 R; nacelle In front of wing

wing (fig. 8) there is a small but consistent decrease
in effective thrust with increasing angle of pitch.
Figures 9 and 10 show the results for the propeller
and nacelle directly in front of the wing. For this
condition the effective thrust decreases rapidly with
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engine nacelle with the propeller set at 17° (fig. 10)
the decrease in effective thrust at the ;Vﬁ of peak effi-
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Ficure 10.—Characteristics of propeller No. 4412; 4 {t. dlain,; set 17° at
0.75 R; model engine nacelle in front of wing
\

ciency for a change in the angle of thrust line of 15°
amounts to approximately 19 per cent.
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In Figure 11 the peak efficiency, for the various

increasing angle of the thrust line. For the model

blade settings and wing-nacelle combinations, has been
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plotted against the angle of pitch. For the nacelle
alone, the greatest change in peak efficiency for a 15°
change in the angle of thrust line is 5 per cent. ith
the model cowled-engine nacelle, in front of the wing
the greatest decrease in efficiency amounts to 15 per
cent. The drop in peak efficiencyis greater for the high
blade settings than for the low, but the differenceissmali.

The results of the above tests indicate that the effect
of small angles of yaw and pitch on the characteristics
of a propeller is small provided there is no wing in the
slipstream. However,if the propelleris working directly
in front of a wing, the effective thrust and propulsive
efficiency decreaserapidly with increasing angle of pitch.

LanciEy MEMORIAL AERONAUTICAL LABORATORY,
NatioNAL Apvisory COMMITTERE FOR AERONAUTICS,
LanerEy Fiewp, Va., Jenuary 20, 1931.
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TABLE I TABLE I—Continued
TEST RESULTS TEST RESULTS
PROPELLER 4412—2.5° AT 0.75R. 0° YAW _ : PROPELLER {413—23.5° AT 0.75R, 10° YAW
v N T v v N Q e 1
s |m.p h.[r. p.m|1p. 1| Ib. Cr Cr v 3 #  mophklrpm|bh| b Cr ¢ | 75
0.002331 | 87.0| 1,58 | 1,058 | 906 | o os54 | 0636 | o0.538 | o639 0.002283 | 83,3 | 1,500 Lo12| 878 |0.0848 | 0.005 | 0516
002881 | B7.07 1,580 {1,086 | 00¢| .os50 . 538 | .65 .002233 | 838 | 1,590 [ 1,010 | 873 0656 | .A16
002327 | 87.0| 1,500 [ 10050 -0815 0887 | 535 [ es3s .002230 | 884 [ ;600|012 855) .08 0678 | .10
00327 [ 921 1300|1056 ) sse| Coses -0887 | 566 | -eso 002230 | 89.4 | 1,500 [ 1,012 8%8 | .0s38 0085 | 58
002827 | 47| 1590 | 1080 10820 0690 | l&s8 | les2 0022807 94.0 | 1,806 | Lo3| 80| .osas 0678 | .572
002227 | ed7| 1500 xoss| s77| los 0837 | 33 | .evs ouzz30 | 946 | 1,620 | 011 834 .o78l [0662 | 71
.002813 | 106.0 | 600 | 1080 | 845 | o7s2 10685 | 810 | .731 002217 [ 103.8 | 1630 1,01t | 801 | o748 o8¢ | 603
002313 | 1050 L,e20 | 1057 | se0| Co7eo 0867 | g3t | I7a8 00217 | 1028 |"1,610 | 5,000 | 801 | .o7os 0672 | lext
002813 | 108.0) L850 'ox | 7a8 | -orde (062 | 6385 | .740 002217 11028 | 1,560 | ‘g2 | 733 | Lotar 0654 | leit
002213 | 103.0 L8| o5 | 750 lo7d 0862 | 655 | .740 002117 | 1028 | Lso| 9m3] 7| | L0647 | 638
002318 | 1035] T 830 -0703 co834 | les3 | vy 002217 § 10229 | 1,520 855( 68| L0718 <0840 | .co0
002813 | 108.5| 1480 | sio! es9| lovo3 .083¢ | es3 | l7s7 00217 | 102.8 | 1,510 | 85| coo .08 | 605
00216 | 103.0| 40| 7ez| sar| Coss 0808 | 714 | .7 002217 1028 | Les0| 772 | sse) | . 68T
.00216 | 10321 1,410 728 | &¢5| Coaio 0805 | J717 | l7e9 002217 1 1028 | L470 | 77| 50| L0674 .06l | .¢83
.002309 | 102.8] 1,340 | 648 | 405 | . o06i6 053 | 750 | 780 002217 1 1025 | 1,410 708 525 | o065 0813 | 710
002309 [ 1020 | 1,350 | 642] 484 | .0s08 (0584 | l7a6 | J775 .002217 [ 02,5 | L410} 705! £26) .0658 001z | I7i0
.002300 | 10281 1,280 | 552 - 0567 0857 | 786 | .800 002217 [ 101.9 | 1,350 | @35 | 400 [oe4 0001 | 738
002809 | 1028 | 1,270 | s51] 3ag | losm 0580 | .79z | .moe 00217 (1009 | 1,850 | €32 | 488 ] o022 0500 | o738
.002309 | 102.8| 1,230 4rs| 328 .o512 0524 | 1817 | L& 002217 1 1007 | 1,300 | 54¢| 382 | om0 .0855 | l7es
002300 | 102.8 | 1220| 477 | 324 losi0 823 | lso1 002217 | 10.7 | 1,200 | 539 3881 | .o%e7 0856 | 771
.002302 | 102.0 | 1170 | 413 L0173 0501 | 8% | .s05 002218 110220 | 1,240 487 | 2337 | .ode4 .0536 | .805
-002303 | 1022 Lim | 42 .o173 -g%L | 855 | .s05 00213 11020 | 1,250 | 487 | 338 | o7 L0528 | T
.002300 | ‘1016 | Trio| 3¢, 27| | 9 0181 | -ge5 | Is12 002318 | 1012 | L,210| 436 | 20« | .ois 0518 | I817
.002300 | 1018 1,100 | 3] 215 [o¢ o8 | [905 | .817 002213 | 1012 | 1,210 438{ 2051 . L0618 | .817
002300 | 1008 1,060 | 3278 | 165) -a358 0 047 | . 002213 11010 | 1,160 a3sp| 256 [oara L0501 | .8s1
.002300 | 10L6| 1,050 | 28| 3165) -03ss ous | . .820 002213 | 10L0 | 1,165 380 | 258 | o408 . .818
.002309 | 10t:6) 1000 235! 183 | ¢3i8 : 091 | 1808 - 00218 L6 30| 28| .oes 042 | 886
.002309 | 10L6| 1,010 235/ 0308 o8t | vt 002218 | 100.7 | 110 325 | 208 .0413 0455 | Isss. | Imoz
002309 | 104! ‘950 1890 g8 . 3Ll | 1014 | .764 002213 1 100.7 | Tg70| 201 7170 | o388 1| 920 | Js
00209 | 10L2| o00[ 26| &7 loter 1.10 712 .002213 | 1007 | 1070 77| .03s3 0440 | .920 | .8o1
00200 | o11| se0| Tr| o5 . L0122 | 115 557 .002218 [ 100.4 | Yo20| 245 42| .03 oee | lree
002301 | 101.0| 800 40 1 2| o101 {1238 | .o .002212 | 100.4 | 1020 7| 144 o343 o411 | .o6¢ ! Imod
.002301 | 101.0| 780 0] —20 |— 01135 | © vaer |l -002213 | 300, 5 960 { 17| ‘ez .o24% 0332 | Loz [ Jred
.002818 | 788 1,585 | 1,058 . L0700 | |485 . 100, 20{ 18] 48[ lois 028 |L10 | 70
002813 ( 78.9| Lsso |1 051 | o202 o878 0808 | 1480 | 615 .002213 | 100, 0 850 | 83 28| .o0801 | o8| Lis | lsit
002318 | 748 | 1,880 11,05 ' 30| :0sss L0702 | .480 | .580 .002213 | 100.0 800 | 48 6 L0124 | L1222 | o230
002318 | 7L1] 1,680 | 1,053 - 0885 L0700 | .441 | .87 .002222 { 97.3 | 1,800 | 1,004 |. 886 | .0856 0677 | .485 | lelz
00216 | 67.37 1,580 | 1,058 | 938 ] .0891 0702 | 417 002222 | 78.8 | 1,600 ) 3,005 | 870} .0841 0677 | 482 | o0
002818 | 67.0) 1,680 1,056, 937 .csor 0702 | 415 | 526 72.0 | 1,500 013 o090 | .o8so 10089 | .45 | .m0
-002816 | 628 | L&go| 1,062 | o30| ‘omed - 0703 -483 002228 [ 78.0 | 1,690 | I, 905 | 0885 .0087 | .480 | =80
.002316 | 63.0| 1,580 | 1,080, 9040 [ .o080s L0704 390 | . 002228 | 67.6 1,600 | 1,016 927 | .0802 <0084 | (413 | .5
002810 | 57.4 | 10880 | 1008 . as3 | 451 002228 | 66.7 | Leoo| 1013 | o2 ! .ose2 0082 | 1408 | E
L 002310 56.4 | 1,590 } 1,001 946 0887 347 .002228 | 62.8 1,610 | 1,019 051 [ . 0008 . 0878 . 382 512
.002325 [ 23.3[ 1,880 1,068 95450 R 0705 L1445 | (1838 . 002228 g;g }:gg {.321!{ gﬁ %g - 0675 gg 4_5(2
002325 | 242 1,m| 1056 © 0744 | 1545 1 .002228 | 67, . . .0688 | | A7
' ) 002228 | 57.9 | 1,005] 1,023 | 57| log17 0684 ) ‘3 | am3
002228 | 21,75 | 1,380 | 1,024 | 44 | [0030 L0705 | wawr | v
TABLE I—Continued .oozzmtzzzs L840 | o7 | o33 losro 0736 | l141z | 1880

TEST RESULTS

PROPELLER 4413—23.5° AT 0.75R. 5° YAW TABLE I ntinued

‘. TEST RESULTS

v N 9 P c v - PROPELLER 4413—23.5° AT 0.75R. 15° YAW
2  lmp.hirpm|ib t| b T ¢ L ap | @ ’ :
; o 0 i v
- »  lmopbirpm|min| n er o o | 5
"SR 1 im|im| ieme | e om o | —
. . . . . | -
002275 | 90.6! 1,600 042 | ssa| losz0 0883 | .B5¢ | 873 0.002225 |\ 852 | 1,500 | 098 [1,364[0.0820 | 0.0878 | 0.52
L002276 | 90.5( 1,800 (1,040 | 82| 0830 .0088 | .88 | _g72 -002226 | 852 | 1,50 | 904 | 1,360 | .0818 0670 | .52
002265 | 955 | 1,610 |1,001| 360/ .oS04 L0870 | . . 687 -002226 | 8.2 | 1,500 [ 1,000 | 1,835 | .0807 L0681 ¢ .58
.002286 | 95.6 ( 1,600 1,040 851, .CEI5 0087 585 | .604 -002235 | 88.5 | 1,600 | 997 | 1,838 | .0807 0678 | B4d
002258 | 106.5| 1,630 | 10| 825! .o76t 0664 T4 -002223 | Q3.8 | L600| 088 |1,208| .o7sp L0870 | .54
002250 | 106.0 | 1,040 | 1,037 | 821 .o743 32 | .77 002223 | 93.0 | 1,600 | 998 | 1,306 | .0784 L0088 .
.002250 | 106.2 ) 1,580 1 960 | 787 5 0852 657 | .71 002223 | @68 | 1,600 | 908 1,289 | .(778 067¢
002250 | 108.0 | 1,58 | o8| 7s7 0650 657 | 744 002223 | 05.5 | 1,500 | 096 (7,281 | .0780 0679 587
-002250 | 105.8| 1,830 | 877 es7| .o717 0639 | .676 | .750 -002218 | 1030 ; 1,620 | 907 | L, 218 | .07 - 0858 822
002250 | 1068 | L5630 | 878 | ess| o715 .0830 | .678 | I7s7 -002213 | 102.8 | L 600 [ 907 [ 1,219 | .0745 0674 | .620
002250 | 105.0| 1,480 [ 706 | 608] .0675 | ..0818 . 758 -002213 1 202.2 | 1,540 | 804 [ 1,187 | .0716 - 0652
002260 | 1081 1,470 01| eo7| .oess . 0621 700 | 772 002213 1 102.2 | L340 | 888 | L141[ .0718 -ges2 | 050
002250 , 10L8 | 1 410 685 508 | 0628 0438 728 o] . 002213 | 102.2 1, 480 8014 1,057 | .0684 0634 o]
002250 | 104.9 | 1400 | 688 . 0833 0508 | .782 | ‘m1 -002213 | 102.2 | 1,470 | 800 | 1,058 | .o0804 - 0640
00225 | 1089 1340 a1l ‘0598 0580 | C7e5 | [7R6 002213 | 1015 | 1410 701 | “ove | oesr 0610 | 708
002250 | 10487 1,350 | 611 487 o%es .0580 | .763 | .780 -002213 | 10L8 | L4I0} 701, Q76 .0647 -0010
(002250 | 1042 | L270| 510 | 854 .0587 .0538 | (802 | .800 -002213 1 10L.8 | 1,340 ( 606 | 890 | .05 -0583 | .740
002250 | 1040 | I, 260 363 | . 0548 0544 | (807 | 806 -002213 | 1018 | 13,335 | 605 891 | .0603 0588 | 742
.00225¢ | 1040 | I,3%0 207 [ 0I5 - 0500 -807 - 002213 0.3 | L2380 s81 &0 0565 -0560 } 775
.002254 | 103.8 | 1220 430 0182 0501 831 _800 .002213 | 10L.3 1,770 530 828 | 0570 0568 780 782
002254 | 103.8| 1,160 378 243 | 010 S48 875 808 .002213 | 10L1 1,216 457 71| .06% . 0538 .818 .
.002054 | 108,21 1170 240 | .0ic2 o078 | [se3 | .m0z -002218 (1011 | 1,220 ( 480 | 773} .05 0335 .81 | 704
002246 1 1034 200! 11| 194! Ipsmt 0139 .83 -002213 | L1 | L1601 395| 78| (0470 . -858 1 .304
002246 | 103.4 | L,100 | 11| 10¢!| .oe91 0139 | .920 | .820 -002218 | 1011 | L160 | 395 716 | .0476 -853 | .80
002248 | 1034 | L,000| 248) 148 | [gusd 0392 | lom | ls9 -002205 ( 10LO ( 1,100 | 341 674 | ,0441 096 | .809 | .810
002246 | 1032 ‘¢r0| e8| “ss| .0z .03l (Lot | .tro -002205 [ 100.8 | 1,050 [ 293 640 M58 .90 [ 820
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EFFECT OF SMALL ANGLES OF YAW AND PITCH ON CHARACTERISTICS OF AIRPLANE PROPELLERS 531
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